Tungsten-molybdenum oxide nanowires/reduced graphene oxide nanocomposite with enhanced and durable performance for electrocatalytic hydrogen evolution reaction 
Introduction
Hydrogen, as a durable and renewable clean fuel is a promising energy carrier to address the increasing energy demand of modern world [1] . Recently, researchers have devoted much attention on alternate methods of producing hydrogen as steam reformation of fossil fuels causing increased concerns on earth's climate. Electrochemical water splitting or the hydrogen evolution reaction (HER) for renewable energy has been proposed as the most economic and sustainable alternate method for large scale hydrogen production [2] . Currently, platinum or Pt-based materials exhibit the highest activity for hydrogen evolution reaction (HER), but their high cost and low abundance limit their large scale applications [3] . Thus, the development of highly efficient and low-cost electrocatalyst for HER still remains a major challenge [4] .
Researchers have proposed the use of more economical metals such as, Ni, Mo, W, and other transition metal based electrocatalysts for hydrogen evolution reaction (HER). Nanoparticles of these metals and their inter-metallic compounds [5, 6] , oxide [7] , carbide [8, 9] , sulfide [10, 11] and phosphides [12, 13] may replace the expensive Pt catalysts. However, there are a few materials which exhibit satisfied activities for electrocatalytic hydrogen evolution reaction (HER) compared to commercial Pt/C catalyst [14] . Moreover, the synthesis of many high efficiency catalysts for H 2 evolution always involves multiple steps, including precursor synthesis and high-temperature treatment which increases the overall production cost of hydrogen [15] . Mo-based compounds emerged as a new class of electrocatalysts due to its Pt-like catalytic behaviors [16e18] . It has also been observed that mixed phase Mo compounds with other transition metals enhance the activity, as in case of FeeNieP [19, 20] , NieMoeS [21] and CoeMoeN [22] which were found to exhibit superior HER performance than the corresponding single component. The synergistic effect of different components may change the surface morphology and intrinsic electric properties of materials to expose more active sites and improve HER activity. The incorporation of the congeneric tungsten (W) element into Molybdenum may play a contributing role, as WO 3 nanoplates prove its potential use in electrocatalysis [23] . Motivated by this strategy, we propose the use of mixed bimetallic alloy of molybdenum with tungsten for hydrogen evolution reaction (HER).
To further enhance the electrochemical performance, a conducting support has been proposed which not only prevent the nanoparticles from agglomeration but also favors the electron transfer during catalytic process [24, 25] . Carbon based materials such as graphene oxide, activated carbon and carbon nanotubes (CNTs) have been widely used as support for the design and synthesis of various industrial catalysts [26] . The morphology and nature of carbon materials used as supporting materials for active transition metals generally determine the activities of these catalysts. The large surface area, outstanding electronic conductivity, surface functional groups and improved metal-support interactions are responsible for the significant change in the catalytic performances of supported catalysts [27] . Graphene oxide (GO) has attracted considerable attention due to its excellent chemical stability and fast electron transfer properties compared to the other carbon based materials. The 2D configuration of graphene sheets results in exposure of both sides to the solution which increases active surface area [28, 29] . Molybdenum and reduced graphene oxide (rGO) composite materials also proves to be highly active electrocatalysts [30, 31] . MoO 2 /graphene nanomaterials also showed excellent properties as anode material for Li ion batteries [32] . Herein, we present the design and synthesis of mixed phase tungsten-molybdenum oxide nanowires and reduced graphene oxide nanocomposite by one step hydrothermal method. 
Characterization
The morphology of the particles was observed by scanning electron microscope (SEM, JSM 6700F, JEOL). Transmission electron microscopic (TEM) images and high-resolution transmission electron microscopic (HRTEM) images were carried out on a JEM-2100F field emission electron microscope at an accelerating voltage of 200 kV. The high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image and EDX mapping images were taken on a JEOL JEM-ARF200F atomic resolution analytical microscope. Solid Raman spectra were measured on a Labram-010 micro-Raman spectrometer. The X-ray powder diffraction (XRD) patterns of the products were performed on a Philips X'Pert Pro Super diffractometer with Cu-Ka radiation (l ¼ 1.54178 A). The operation voltage was maintained at 40 kV and current at 200 mA, respectively. The X-ray photoelectron spectroscopy (XPS) was carried out on a PerkinElmer RBD upgraded PHI-5000C ESCA system.
Electrochemical measurements
Before each electrochemical experiment, a glassy carbon (GC) electrode (0.196 cm 2 geometric surface area) was first polished with alumina slurry (Al 2 O 3 , 0.05 mm) on a polishing mat to obtain a mirror-finish, followed by sonication in 0.1 M HNO 3 , 0.1 M H 2 SO 4 , and DI water for 10 min successively. Then, the catalyst in DI water was drop-coated on to the polished electrode surface using a microliter syringe, which was then dried under vacuum at room temperature. After drying, the catalyst film was covered with a thin layer of Nafion (0.1 wt.% in water, 5 mL) to ensure that the catalyst was tightly attached to the electrode surface during electrochemical measurements. Voltammetry measurements were carried out with a CHI750D electrochemical workstation in a standard three-electrode setup with a working electrode, Ag/AgCl electrode as a i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y x x x ( 2 0 1 7 ) 1 e9 
Synthesis of graphene oxide
Graphene oxide (GO) was synthesized from graphite powder by modified Hummer's method [33] . In general, graphite powder (4 g 
Results and discussion
The strategy for the synthesis of hybrid W-Mo-O/rGO composite is illustrated in Fig. 1 . For this purpose, we initially synthesized graphene oxide by modified Hummer's method, which introduces a large number of oxygenated functional groups that allow GO to be well dispersed in water (Fig. S1 ). In the next step, we synthesized W-Mo-O/rGO composites by using ammonium molybdate tetrahydrate and sodium tungstate dihydrate as Molybdenum and tungsten source respectively. The size and morphology of as synthesized W-Mo oxide nanowires and W-Mo-O/rGO composites were observed by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Fig. 2A shows SEM images of tungstenmolybdenum oxide nanowires, the length of nanowires is in micron and width is about 50 nm. images indicate the homogeneous distribution of nanowires over rGO surface comprising a composite material, and the apparent contrast between the W-Mo-O nanowires and the rGO sheet offers an evidence for the formation of hybrid composite (Fig. 3B) . In addition, HAADF-STEM element mappings were further performed and it can be clearly seen from Fig. 3CeF that W, Mo and O are evenly distributed, indicating the formation of mixed phase alloy. Energy dispersive X-ray (EDX) spectrum also used to confirm the existence of tungsten molybdenum and oxygen, the atomic ratio of W: Mo was 1:1 which is in agreement with the experimental data as can be seen in Fig. S2 .
The XRD spectra of as-synthesized W-Mo-O nanowires and W-Mo-O/rGO were also recorded to determine the purity and crystallinity of the samples. The X-ray diffraction patterns presented in Fig. 4A [34, 35] .
X-ray photoelectron spectroscopy (XPS) measurements were employed to elucidate the elemental existence and oxidation states of W-Mo-O/rGO composites. The representative XPS survey spectra (Fig. S3) indicate the existence of molybdenum, tungsten, oxygen, and carbon elements. shows the high-resolution C1s XPS spectra which reveal the existence of four components corresponding to carbon atoms. The sharp peak at 284.6 eV may be attributed to CeC bonds of sp 2 -hybridized graphitic structure and small intensity peaks at 286.7, 288.4 and 290.1 eV could be assigned to CeO bonds, carbonyl groups (C]O), and the pep* [36] . After hydrothermal treatment, the intensities of all the peaks associated to oxygenated functional groups are sharply decreased, indicating the reduction of graphene oxide to rGO [37] . Fig. 5A shows high resolution XPS spectra of Mo 3d of as-prepared WMo-O/rGO. The Mo 3d spectrum exhibits peaks at 235.6 and 232.4 eV corresponding to spin orbit doublet and could be attributed to 3d 3/2 and 3d 5/2 of Mo cations (Mo 6þ ) with higher oxidation state [38] . XPS spectra of Mo 3d lack of lower oxidation states, confirming the existence of fully stoichiometric MoO 3 , as reported previously [39] . The high resolution tungsten 4f XPS spectrum is shown in Fig. 5B for as synthesized mixed phase molybdenum-tungsten oxide and reduced graphene oxide composites. The W 4f profile can be fitted by two Gaussian peaks at 37.7 and 35.5 eV corresponding to the binding energy of electrons in the 4f 5/2 and 4f 7/2 levels of tungsten in higher oxidation state (W 6þ ) [40] . Without the observation of other lower valence states, WO 3 also possess a fully stoichiometric structure. The corresponding O 1s spectrum for W-Mo-O/rGO is shown in Fig. 5D . The O 1s spectrum is broad and asymmetric and can be deconvoluted into two peaks, the main component peak at 531.3 eV indicate the presence of lattice oxygen and oxygen in graphitic structure [41] , while a small intensity peak at 533.1 eV may be assigned to surface adsorbed species [42, 43] .
We also measured Raman spectra of GO and W-Mo-O/rGO in the region from 1100 to 1800 cm À1 to detect the ordered and disordered crystalline structures of graphene. Fig. 4B shows the Raman spectrum of graphene oxide which exhibits well referred D band peak at about 1342 cm À1 due to breathing mode of k-point phonons of A 1g symmetry, and an another peak 1598 cm À1 which may be ascribed to G band, due to the doubly degenerated phonon mode of E 2g symmetry. Generally, the D band is attributed to the disorder and defects graphene layers, and the vibration of sp 2 carbon atoms is associated with the G band in a 2D hexagonal lattice. The ratio of intensities of D and G bands (I D /I G ) is used to measure the change in graphene structure [44] . The I D /I G ratios of GO and W-Mo-O/rGO composite was calculated to be 1.14, which suggest a disorder in the GO and decrease in the sp 2 domains size due to the reduction of the exfoliated GO. In addition to the Raman spectroscopy, XPS spectra also confirm the reduction of oxygenated species on the O1s orbital which prevents the sheets from restacking together [45] . All these results confirm the reduction of graphene oxide (GO) to reduced graphene oxide (rGO) during the hydrothermal synthesis process for W-Mo-O/rGO composite.
To evaluate the electrocatalytic activities of W-Mo-O/rGO composites, 0.12 mg cm À2 sample was loaded on glassycarbon electrode (GCE) and measured in 0.1 M HClO 4 under a three-electrode system. For comparison, tungstenmolybdenum oxide nanowires and commercial Pt/C (20 % wt) were also measured. Tungsten-molybdenum oxide nanowires exhibited inferior HER activity with an onset potential of about 160 mV. Impressively, W-Mo-O/rGO composites show highly efficient activity towards HER with the lowest onset potential of 50 mV. These results indicate that W-Mo-O alone is not an efficient HER catalyst and the synergistic effect between W-Mo-O nanowires and rGO play a key role for enhanced catalytic activity. It is documented that the presence of graphene oxide significantly improve the electrocatalytic HER performance. The deeper insight for synergistic enhancement into the electrocatalytic performance mechanism reveals that the structure of rGO consist folded 2D sheet, which can offer larger contact area and expose more active sites for HER [46] (see Table 1 ).
The linear sweep voltammograms (LSV) measured for commercial Pt/C is also provided, which showed an onset potential of~0 V vs. RHE suggesting the validity of experimental conditions [47] (Fig. 6A) . A Tafel slope, which determine the rate-determining step was also drawn to elucidate the HER mechanism [48e50]. It has been observed in previous studies that a Tafel slope of 30 mV dec À1 suggested that the hydrogen evolution proceeds through VolmereTafel mechanism and re-combination is rate-limiting step while 40 mV dec À1 Tafel slope follows VolmereHeyrovsky mechanism with electrochemical desorption as rate-limiting step. A multiple reaction pathway was also suggested in case of 120 mV dec À1 Tafel slope due to surface blockage of adsorbed hydrogen [51] . The Pt/C shows a Tafel slope at 34 mV decade À1 involving VolmereTafel mechanism which is in good agreement with the previous reports and supports the validity of our electrochemical measurements [45] . The WMo-O nanowires has Tafel slope of 108 mV decade
À1
, while the nanowires composites with rGO displays a Tafel slope of 46 mV decade À1 (Fig. 6B) , suggesting W-Mo-O/rGO composite follows VolmereHeyrovsky reaction mechanism, and Volmerstep may be the rate-limiting step [8] .
The HER mechanism reflected in the Tafel slope comprises following three steps
Heyrovsky :
Previous reports suggested that reduced graphene oxide act as 2D support matrix for enhance catalytic activities as i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y x x x ( 2 0 1 7 ) 1 e9 the support improves the electrical conductivity and favors the charge transfer [10] . In our study, W-Mo-O/rGO composites also showed enhanced and durable HER performance as compared to the W-Mo-O nanowires. The combination of rGO and W-Mo-O nanowires facilitate the electron transfer as shown in tafel slope which plays a key role in improving the kinetics and HER activity. To further gain insight into the electrode kinetics and interface reactions of the catalysts in HER, we performed electrochemical impedance spectroscopy (EIS) [52] . The Nyquist plots for tungsten-molybdenum oxide nanowires and W-Mo-O/rGO composites are shown in Fig. 7 . The ohmic series resistance (R s ) was fitted by the intercept of the semicircle on the real axis and the charge transfer resistance (R ct ) was assigned to the semicircle of the Nyquist plot in terms of the equivalent circuit model. The Nyquist plots of W-Mo-O/rGO composites showed a much smaller semicircle with the lowest R ct (100 U) compared to the W-Mo-O nanowires (812 U). The electrochemical impedance spectroscopy (EIS) results showed that W-Mo-O/rGO composites exhibited much lower R ct which corresponds to faster reaction rate due to the presence of reduced graphene oxide which facilitate the reaction.
The long-term stability of the catalyst is highly demanded for electrocatalytic HER, as the reaction occurs on the surface of the electrode. To probe the durability and comparison for long-term stability of the W-Mo-O/rGO composite and commercial Pt/C catalysts, the accelerated durability test was performed up to 2000 cycles by following the same HER measurement conditions. As shown in Fig. 8 , the polarization curve for W-Mo-O/rGO composite slightly shifted towards negative potential after 2000 cycles. The catalyst experienced loss of 1.8% in its electrocatalytic HER performance that is almost negligible. Whereas, the ADTs of commercial (20 wt %) Pt/C (inset Fig. 8 ) exhibit significant loss in it's HER performance due to degradation of the catalyst. 
Conclusions
In this work, we have successfully synthesized W-Mo-O/rGO composites by a facile one step hydrothermal method and explored applications for enhanced and durable hydrogen evolution reaction (HER). Reduced graphene oxide as support provides strong interface interactions for anchoring tungstenmolybdenum oxide nanowires and this 3D network composites structure favors electron flow by providing synergistic effect. The resultant composite showed excellent electrocatalytic performance for hydrogen evolution reaction with onset potential of 50 mV, large cathodic currents and a Tafel slope of 46 mV decade À1 which are comparable with the commercial Pt/C. Moreover, the W-Mo-O/rGO composite showed a highly durable performance even up to 2000 cycles. The improved activity towards HER may also be attributed by mixed phase alloying of tungsten and molybdenum and highly conductive support with more active sites and synergistic effect between them. Therefore, the idea of alloying different metals and rGO as support works as highly active electrocatalysts for HER and provide a new route for the production of industrial scale, low-cost and environment friendly catalysts for hydrogen production.
